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(57) ABSTRACT

A method of the present disclosure includes (a) receiving
settings of an objective function and a constraint condition,
(b) controlling a robot to execute work using a candidate
value of a control parameter and measuring a performance
index value for the objective function and a constraint
evaluation value, (c) searching for a next candidate value of
the control parameter by executing optimization processing
using a value of the objective function, (d) obtaining the
values of the objective function and the constraint evaluation
values with respect to the plurality of candidate values by
repeating (b) and (c), and (e) displaying a processing result
containing a correlation chart showing the values of the
objective function and the constraint evaluation values with
respect to each of the plurality of candidate values.

3 Claims, 13 Drawing Sheets

Mon—feasible
Constraint limit

Barets Front

et
~ 838 @
ke !
hit B85 & i A
= .
=
s s
% !
g : )
& Ooad
; - i
o} & ‘ A &
8] 1A
® o !
® i A
o 1A
i A
851 = i'&
!
i
|
o

Max Overshoot Exceedance



U.S. Patent Apr. 15,2025 Sheet 1 of 13 US 12,275,150 B2




U.S. Patent

Apr. 15, 2025

Sheet 2 of 13

US 12,275,150 B2

300
—
400
ra 7310
VIBRATION SENSOR PARAMETER SETTING SECTION
FORCE SENSOR OPERATION —
- EXECUTION {Eﬁg‘ﬁiﬁ
£ 430 UNIT ‘
CURRENT SENSOR
440 AN
JOINT ENCODER MEMORY
41 PARAMETER |
INITIAL VALUE -
CONTROL APPARATUS N
i\ 4] SEARCH K
~ 200 . 340 F o =1 CONDITION — 3G
NPUT ]
DEVICE OPTIMIZATION
DISPLAY ROBOT
; 3 -
NIT NV || conror [N ge
PROGRAM




U.S. Patent Apr. 15, 2025

Sheet 3 of 13

US 12,275,150 B2

FIG. 3

E START }

S110
f/—“"

SELECT WORK AND MOTION FOR
EVALUATION

S120
/,,.,

SET CONSTRAINT CONDITION

~ 3130
{

EXECUTE GPTIMIZATION PROCESSING

- S140
DISPLAY OPFTIMIZATION
PROCESSING RESULT
b 8150
18 SETTING VALUE OF ™ _
_ CUNTROL PARAMETER
L DETERMINED " No - 5160
e K
Yes CHANGE CONSTRAINT CONDITION
o $170
RECALCULATE AND PRESENT
OPTIMIZATION PROCESSING RESULT

Yes

=TS SETTING VALUE OF ™™
CONTRCOL PARAMETER o™
o BETERMINED? e

9 [/w- S180

PRESENT CHANGE PROPOSAL OF
CONSTRAINT CONDITION

{,—«« S200

CHANGE CONSTRAINT CONDITION

{ END }




U.S. Patent Apr. 15,2025 Sheet 4 of 13 US 12,275,150 B2

FIG. 4

{QPTEMEZAT?QN PROCESSENG}

5210

{fﬂ‘”
SELECT CANDIDATE VALUE OF ”
CONTROL PARAMETER

5220
{pﬂ”

SET CANDIDATE VALUE OF CONTROL PARAMETER
IN ROBOT CONTROL PROGRAM

P $230
EXECUTE MOTIONS FOR EVALUATION

CALCULATE OBJECTIVE FUNCTION

fant 5250

CONFIRM OPTIMAL VALUE OF
CONTROL PARAMETER

5260
I3 SEARCHING FINISHED? =

Yeas

{ RETURN j




U.S. Patent Apr. 15,2025 Sheet 5 of 13 US 12,275,150 B2

f""W‘i f"“WZ /f'“WB

<Target Function History> <Correlation Chart> <Constraint Evaluation>
-3 & . .
! ¢ Constraint mit=0.15
& . i \ h P
g e - & 8,
€ o Sle a & | Constraint fimit=(L18
5 o I ‘ y @
:‘;f ‘% m“ a & 8
= N ‘ & s
? H Constraint imit=0.15
i . 58 e
G N . V 0 Overshout Excesdance
teration Mumber
{Iteration Results List> f W4
Iteration Target Constraint Ji N1 J2 J2
N, Function Evaluation Accel, Deagal Ancel, Decal.
28 308.2 0.134 4732 4432 3212 2012
27 288.3 .142 4788 4526 3323 2100
28 2728 G128 4811 4723 3534 2320




US 12,275,150 B2

Sheet 6 of 13

Apr. 15, 2025

U.S. Patent

FIG. 6

<Target Function History>

=7y

S - 111

&

Feasible

Non—-feasible

A

UL 308 |

Iteration Number



U.S. Patent

Target Function

Apr. 15, 2025

Sheet 7 of 13 US 12,275,150 B2

FIG. 7

{Correlation Charty §2
i Y Best
] Feasible
A Non-feasible
a A e Constraint fimit
Ad
A el ArE10 Fromt
A A
A
A A &
A
A
A
A
&
A
Max Overshoot Excesdance
i &
0 0.15

Constraint Evaluation = Max Overshoot



U.S. Patent Apr. 15,2025 Sheet 8 of 13 US 12,275,150 B2

FIG. 8

{Correlation Chart> w2

/rm BL ZJ
+ {lteration No., = 26 @ Best
Target Function = 308.2

Constraint Evaluation = 0,134

o] Feasible

A Non-fsasibie

=
2
“ . . -
§ A o e Constraint bmit
i
g,; A e P areto Front
&
P...
Fa

k2

Max Overshoot Exceedance

%

0 0.15 Constraint Evaluation = Max Overshoot



U.S. Patent Apr. 15,2025 Sheet 9 of 13 US 12,275,150 B2

FIG. 8

W3

/

<Gonstraint Evaluation>

<Motion M1>

B2

8C SL
Constraint limit

Constraint lmit=0.15 k}
i

Constraint Evaluation = Overshoot
<Motion M2>
Constraint fimit

Constraint limit=0.15

Constraint Fvaluation = Overshoot
<Motion M3>
; Constraint limit

i Ceonstraint imit=0.15
éQQaQ

| »

Constraint Evaluation = Qvershoot

o g
K%

o1

FIG. 10

W4
<{Ieration Results List> Z}
Reration  Target Constraint Ji J1 J2 J2
No. Function  Evaluation Accel,  Dacel Accel  Decsl
28 308.2 0.134 4732 4432 22 2012
27 288.3 0.142 4798 4526 3323 2100
28 2725 0.121 4811 4723 3534 2320




U.S. Patent

Apr. 15, 2025 Sheet 10 of 13

FIG. 11

<Constraint Evaluation>

US 12,275,150 B2

w3

Z

~~ BT2

<{hMotion M1>
Constraint limit SC

!
| o

Constraint imit=0.15
]

S0

i .

Constraint Evaiuatiaﬁz Overshoot

SL

&

<Motion M2>

Constraint imit

o E Constraint imit=0.20
o 3
. P
SR © —
o
Constraint Evaluation = Overshoot

{Motions M3

Constraint limit

f
EQQGQ G

| o
Constraint Evaluation = Overshoot

Constraint kmit=0,18

o off
HH e




U.S. Patent Apr. 15,2025 Sheet 11 of 13 US 12,275,150 B2

FIG. 12

{Correlation Chart>

4 & Best
W] Feasible
A Mon—freasible
A s Constraint fimit

Pareto Front

Target Function

¥

dax Overshoot Exceedance



U.S. Patent Apr. 15,2025 Sheet 12 of 13 US 12,275,150 B2

FIG. 13

{Search Ranges>

S Revised Best
"""" & Best
o ] Feasible
&
N Criginal
% Second Generation
E
2
Sz
Lnfla
)
b
£ -
0 -~ o - S,
-~ ™
\
AY
3
) 4
Revised i
Second Generation f
/
F
//
x\\ -

%

Control Parameter GP1



U.S. Patent Apr. 15,2025 Sheet 13 of 13 US 12,275,150 B2

FIG. 14
if"‘WS

{Current> g “Change proposal>

Constraint limit=(.15 Qj
2 1

Constraint imit=(,15
1

<Motion M1>

Constraint imig=0.20 Gonstraint kmit=0.20

<hotion M2

Constraint imig=0 15 Constraint imit=0.20
]

<Motion M3>

Constraint limit=0.15 Constraint imit=0.15
i

Motion M4>

B73

( No change ) ( Change )




US 12,275,150 B2

1
METHOD OF SETTING CONTROL
PARAMETER OF ROBOT, ROBOT SYSTEM,
AND COMPUTER PROGRAM

The present application is based on, and claims priority
from JP Application Serial Number 2021-110694, filed Jul.
2, 2021, the disclosure of which is hereby incorporated by
reference herein in its entirety.

BACKGROUND

1. Technical Field

The present disclosure relates to a method of setting a
control parameter of a robot, a robot system, and a computer
program.

2. Related Art

JP-A-2020-4080 discloses a machine learning apparatus
that performs machine learning and setting a control param-
eter for a servo control apparatus controlling a servo motor.
The machine learning apparatus acquires a plurality of
evaluation function values calculated using servo data and
outputs the acquired plurality of evaluation function values.
The control parameter is set according to these plurality of
evaluation function values.

However, operations and details of control of a robot are
more complex than those of the servo motor, and there is a
problem that it is difficult to appropriately set a control
parameter of the robot.

SUMMARY

According to a first aspect of the present disclosure, a
method of setting a control parameter of a robot is provided.
The method includes (a) receiving settings of an objective
function and a constraint condition used for optimization
processing of the control parameter, (b) controlling the robot
to execute work using a candidate value of the control
parameter and measuring a performance index value for
obtainment of the objective function and a constraint evalu-
ation value relating to the constraint condition during the
work, (c) searching for a next candidate value of the control
parameter by executing the optimization processing using a
value of the objective function obtained from the perfor-
mance index value, (d) obtaining the values of the objective
function and the constraint evaluation values with respect to
the plurality of candidate values by repeating (b) and (c), and
(e) displaying a processing result containing a correlation
chart showing the values of the objective function and the
constraint evaluation values with respect to each of the
plurality of candidate values.

According to a second aspect of the present disclosure, a
robot system is provided. The robot system includes a robot,
sensors detecting a specific performance index value and a
specific constraint evaluation value in work by control of the
robot, and a parameter setting section executing processing
of setting a control parameter of the robot. The parameter
setting section executes (a) processing of receiving settings
of an objective function and a constraint condition used for
optimization processing of the control parameter, (b) pro-
cessing of controlling the robot to execute work using a
candidate value of the control parameter and measuring the
performance index value for obtainment of the objective
function and the constraint evaluation value relating to the
constraint condition during the work, (c) processing of
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searching for a next candidate value of the control parameter
by executing the optimization processing using a value of
the objective function obtained from the performance index
value, (d) processing of obtaining the values of the objective
function and the constraint evaluation values with respect to
the plurality of candidate values by repeating the processing
(b) and the processing (c), and (e) processing of displaying
a processing result containing a correlation chart showing
the values of the objective function and the constraint
evaluation values with respect to each of the plurality of
candidate values.

According to a third aspect of the present disclosure, a
non-transitory computer-readable storage medium storing a
computer program for controlling a processor to execute
processing of setting a control parameter of a robot is
provided. The non-transitory computer-readable storage
medium stores the computer program controlling the pro-
cessor to execute (a) processing of receiving settings of an
objective function and a constraint condition used for opti-
mization processing of the control parameter, (b) processing
of controlling the robot to execute work using a candidate
value of the control parameter and measuring a performance
index value for obtainment of the objective function and a
constraint evaluation value relating to the constraint condi-
tion during the work, (c) processing of searching for a next
candidate value of the control parameter by executing the
optimization processing using a value of the objective
function obtained from the performance index value, (d)
processing of obtaining the values of the objective function
and the constraint evaluation values with respect to the
plurality of candidate values by repeating the processing (b)
and the processing (c), and (e) processing of displaying a
processing result containing a correlation chart showing the
values of the objective function and the constraint evaluation
values with respect to each of the plurality of candidate
values.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an explanatory diagram showing a configuration
of a robot system in an embodiment.

FIG. 2 is a functional block diagram of an information
processing apparatus in the embodiment.

FIG. 3 is a flowchart showing a procedure of setting
processing of a control parameter.

FIG. 4 is a flowchart showing a detailed procedure of
optimization processing.

FIG. 5 is an explanatory diagram showing a display
example of a processing result of the optimization process-
ing.

FIG. 6 is an explanatory diagram showing a display
example of a history of an objective function.

FIG. 7 is an explanatory diagram showing a display
example of a correlation chart on the objective function and
a constraint condition.

FIG. 8 is an explanatory diagram showing a display
example of a result of an optimal solution.

FIG. 9 is an explanatory diagram showing a display
example of constraint evaluation values.

FIG. 10 is an explanatory diagram showing a display
example of an iteration results list.

FIG. 11 is an explanatory diagram showing a change
example of the constraint condition with respect to each
motion for evaluation.

FIG. 12 is an explanatory diagram showing an example of
changes of an optimization processing result due to changes
of the constraint condition.
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FIG. 13 is an explanatory diagram showing an example of
changes of a search range due to changes of the constraint
condition.

FIG. 14 is an explanatory diagram showing a proposal
example of changes of the constraint condition.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

FIG. 1 is an explanatory diagram showing an example of
a robot control system in an embodiment. The robot control
system includes a robot 100, a control apparatus 200 con-
trolling the robot 100, and an information processing appa-
ratus 300. The robot 100 is installed on a platform 500. The
information processing apparatus 300 is e.g. a personal
computer.

The robot 100 includes a base 110 and a robot arm 120.
An end effector 150 is attached to the distal end portion of
the robot arm 120. Further, a vibration sensor 410 and a
force sensor 420 are provided in the hand of the robot arm
120. In the present disclosure, “the hand of the robot arm
120 refers to a portion from the distal end of the robot arm
120 to the end effector 150.

The robot arm 120 is sequentially coupled by four joints
J1 to J4. “Joint” is also referred to as “axis”. A TCP (Tool
Center Point) as a control point of the robot 100 is set near
the distal end portion of the robot arm 120. “Control point”
is a point as a reference for control of the robot arm 120. The
TCP can be set in an arbitrary position. The control of the
robot 100 refers to control of a position and an attitude of the
TCP. In the embodiment, a four-axis robot having the robot
arm 120 with the four joints J1 to J4 is exemplified, however,
a robot having any arm mechanism with one or more joints
can be used. The robot 100 of the embodiment is a horizontal
articulated robot, however, a vertical articulated robot may
be used.

The vibration sensor 410 is a sensor that can detect
vibration of the robot 100. Generally, the vibration may be
detected by measurements of temporal changes of one of a
position, a velocity, and an acceleration. As the vibration
sensor 410, e.g. a position sensor, a gyro sensor, an accel-
eration sensor, an inertial measurement unit, or the like may
be used. Note that the vibration sensor 410 may be provided
in another position than the hand of the robot arm 120. For
example, when the vibration of the platform 500 is a
constraint condition for the optimization processing, a vibra-
tion sensor may be provided in the platform 500. When the
vibration is not a constraint condition, the vibration sensor
410 can be omitted.

The force sensor 420 is a sensor detecting a force applied
to the end effector 150. As the force sensor 420, a load cell
that can detect a force in a single axial direction and a force
sensor and a torque sensor that can detect force components
in a plurality of axial directions can be used. In the embodi-
ment, a six-axis force sensor is used as the force sensor 420.
The six-axis force sensor detects magnitude of forces par-
allel to three detection axes orthogonal to one another and
magnitude of torque around the three detection axes in an
intrinsic sensor coordinate system. Note that the force sensor
420 may be provided in another position than the hand of the
robot arm 120, e.g. one or more joints of the joints J1 to J4.

In the embodiment, the robot 100 fits a first workpiece
WK1 into a hole HL of a second workpiece WK2, and
thereby, executes work to assemble the two workpieces
WK1, WK2. In the work, force control using a force
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detected by the force sensor 420 is executed. Note that, when
the force control is not used, the force sensor 420 can be
omitted.

FIG. 2 is a block diagram showing functions of the
information processing apparatus 300. The information pro-
cessing apparatus 300 has a processor 310, a memory 320,
an interface circuit 330, and an input device 340 and a
display unit 350 coupled to the interface circuit 330. The
control apparatus 200 is further coupled to the interface
circuit 330. Measurement results of sensors 400 of the robot
100 are supplied to the information processing apparatus
300 via the control apparatus 200.

The sensors 400 include a current sensor 430 measuring
currents of motors provided in the respective joints of the
robot 100 and a joint encoder 440 detecting motion positions
of the respective joints in addition to the vibration sensor
410 and the force sensor 420 explained in FIG. 1. At least
part of the sensors 400 is used for obtainment of a perfor-
mance index value and a constraint evaluation value used for
optimization processing of a motion parameter, which will
be described later.

The processor 310 has a function as a parameter setting
section 311 setting a control parameter of the robot 100. The
parameter setting section 311 includes functions of an opera-
tion execution unit 312 and a parameter search unit 314. The
operation execution unit 312 controls the robot 100 to
execute work according to a robot control program. The
parameter search unit 314 executes processing of searching
for the control parameter of the robot 100. The function of
the parameter setting section 311 is realized by the processor
310 executing a computer program stored in the memory
320. Note that part or all of the functions of the parameter
setting section 311 may be realized by a hardware circuit.

In the memory 320, a parameter initial value IP, a search
condition SC, an optimization result OR, and a robot control
program RP are stored. The parameter initial value IP is an
initial value of the control parameter. The search condition
SC is a condition for searching of the control parameter in
the optimization processing. The optimization result OR is a
result of the optimization processing of the control param-
eter. The robot control program RP includes a plurality of
commands for moving the robot 100.

FIG. 3 is a flowchart showing a procedure of setting
processing of the control parameter. At step S110, a worker
selects work for which the control parameter is set and a
motion for evaluation, and the parameter search unit 314
receives the selection. In the embodiment, fitting work of
two workpieces WK1, WK2 shown in FIG. 1 is selected.
The robot control program RP is a program in which the
motion of the work is described.

The motion for evaluation refers to a motion as an object
for which an objective function and a constraint condition of
the optimization processing are evaluated. In the embodi-
ment, for example, the following five motions are used as the
motions for evaluation:

(1) Motion M1: move the end effector 150 to above the
first workpiece WK1, and then, move the end effector
downward to the position of the first workpiece WK1,

(2) Motion M2: grip the first workpiece WK1 by the end
effector 150,

(3) Motion M3: move the gripped first workpiece WK1
upward, move the first workpiece horizontally to above
the second workpiece WK2, and then, move the first
workpiece downward immediately above the second
workpiece WK2,

(4) Motion M4: fit the first workpiece WK1 in the second
workpiece WK2, and
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(5) Motion MS5: release the first workpiece WK1 and

move the end effector 150 to above.

As the motions for evaluation, motions formed by further
division into smaller pieces than these examples may be
used. For example, in the motion M3, when an arch motion
of rotating the hand to 90 degrees is made in the movement,
the motion M3 is divided into three pieces of a motion in the
upward movement, a motion in the horizontal movement,
and a motion in the downward movement, and thereby,
performance index values and characteristic values in the
respective motions can be respectively evaluated. Note that
the entire work is not divided into a plurality of motions for
evaluation, but only an objective function and a constraint
condition for the entire work may be used.

At step S120, the worker sets a search condition in the
optimization processing of the control parameter and the
parameter search unit 314 receives the setting. As the search
condition, an objective function, a constraint condition, a
search range for the control parameter, and an initial value
of the control parameter are set.

Objective Function

In the embodiment, as an objective function y, an average
velocity of a plurality of motions for evaluation given by the
following expression is used.

y=(d\/ty+do/trt . . . )N (E1)

Here, d, is a movement distance of the control point TCP in
the ith motion for evaluation, t, is time required for the ith
motion for evaluation, and N is a number of the motions for
evaluation. N is an integer number equal to or larger than 1.

It is preferable that the objective function is larger. In the
optimization processing, a candidate value of the control
parameter is searched for to increase the objective function
y. Note that, as an index value of the objective function, any
other index value than the above described average velocity
can be used and, for example, a takt time of work may be
used as the index value of the objective function. When the
takt time is used as the objective function, it is preferable
that the objective function is smaller and a candidate value
of the control parameter is searched for to decrease the
objective function.

Constraint Condition

As the constraint condition, for example, a condition on
one or more of the following various constraint evaluation
values (Constraint Evaluations) may be used:

(1) Overshoot Amount: an overshoot amount of a position
when a target position is reached. The overshoot
amount is calculated from the measurement results of
the vibration sensor 410 and the joint encoder 440,

(2) Peak Torque: peak torque of the motors of the respec-
tive axes of the robot arm 120. The peak torque is
calculated from the measurement result of the current
sensor 430,

(3) Maximum Resultant Force: the maximum value of a
resultant force of forces in the three axial directions
measured by the force sensor 420, and

(4) Life Prediction Value of Reducer: prediction values of
lives of reducers provided in the respective axes of the
robot arm 120. The prediction values are calculated
from the measurement results of the vibration sensor
410 and the joint encoder 440.

In the embodiment, mainly, a case where the overshoot
amount is used as the constraint evaluation value and an
upper limit thereof is set as the constraint condition is
assumed. Note that a constraint condition on one or more
constraint evaluation values may be set. In the present
disclosure, “constraint evaluation value” is a specific per-

10

15

20

25

30

35

40

45

50

55

60

65

6

formance index value as an object of the constraint condition
and refers to a value obtained from the measurement results
of the sensors 400. The constraint condition is set by a type
of the constraint evaluation value and an upper limit or a
lower limit of the constraint evaluation value.

Control Parameter and Search Range and Initial Value
Thereof

In the optimization processing, for example, one or more

of the following control parameters may be set as objects for
searching.
(1) Max accelerations of the respective axes of the robot arm
120, (2) Max decelerations of the respective axes of the
robot arm 120, and (3) coefficients of a virtual mass coef-
ficient, a virtual viscosity coefficient, and a virtual elastic
coeflicient in force control.

In the embodiment, a case where the maximum accelera-
tions and the maximum decelerations of the respective axes
are objects for optimization processing is assumed. The
empirically determined search range and initial value of the
control parameter are used.

At step S130, the parameter search unit 314 executes the
optimization processing of the control parameter according
to the set search condition.

FIG. 4 is a flowchart showing a detailed procedure of
optimization processing at step S130. At step S210, the
parameter search unit 314 searches for a candidate value of
the control parameter. The searching is executed using an
optimization algorithm e.g. CMA-ES (Covariance Matrix
Adaptation Evaluation Strategy). Note that, when step S210
is first executed, an initial value set at step S120 is used as
the candidate value of the control parameter.

At step S220, the parameter search unit 314 sets the
candidate value of the control parameter selected at step
S210 in the robot control program RP. At step S230, the
operation execution unit 312 performs work including the
above described plurality of motions for evaluation M1 to
MS according to the robot control program RP. During these
motions, the measurement values of the sensors 400 are
acquired. Further, the constraint evaluation value as an
object of the constraint condition is calculated. In the
embodiment, the overshoot amount is obtained as the con-
straint evaluation value.

At step S240, the parameter search unit 314 calculates a
value of the above described objective function y from the
measurement result obtained at step S230. At step S250, the
parameter search unit 314 confirms the optimal value of the
control parameter according to the constraint evaluation
value and the value of the objective function y. That is, when
the constraint evaluation value satisfies the constraint con-
dition and the value of the objective function y is the best
value, i.e., the maximum value of the previous values, the
candidate value at the present time is updated as a new
optimal value. On the other hand, when the constraint
evaluation value does not satisty the constraint condition or
the value of the objective function y is not the best value of
the previous values, the previous optimal value is main-
tained without change.

At step S260, the parameter search unit 314 determines
whether or not a search end condition is fulfilled. As the
search end condition, a condition that both a first condition
that the constraint condition is satisfied and a second con-
dition that the objective function y reaches a preset target
value are fulfilled may be used. Or, not both the first
condition and the second condition are fulfilled, but the
number of searches reaches a preset upper limit, the search
end condition may be regarded as being fulfilled. When the
search end condition is not fulfilled, the process returns to
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step S210 and the above described processing is executed
again. On the other hand, when the search end condition is
fulfilled, the optimization processing in FIG. 4 ends.

The single search processing at steps S210 to S250 in
FIG. 4 is referred to as “iteration”. Normally, many itera-
tions are executed until the search end condition is fulfilled.
The single iteration is correlated with a single candidate
value of the control parameter. Accordingly, in the following
explanation, the term “iteration” and the term “candidate
value of control parameter” or “solution” are used substan-
tially in the same meaning.

The optimization processing ends as described above, and
then, the process goes to step S140 in FIG. 3. At step S140,
the parameter search unit 314 displays and presents a
processing result of the optimization processing on the
display unit 350 to the worker.

FIG. 5 is an explanatory diagram showing a display
example of the processing result of the optimization pro-
cessing. FIG. 5 shows the following windows W1 to W4 in
graphical representation:

(1) a first window W1 showing a history of the objective

function,

(2) a second window W2 showing a correlation chart of
the objective function and the constraint condition,

(3) a third window W3 showing a graph of the constraint
evaluation values and limit values, and

(4) a fourth window W4 showing an iteration results list.

The details of these four windows W1 to W4 are respec-
tively as follows.

FIG. 6 is an explanatory diagram showing a display
example of the history of the objective function displayed in
the first window W1. The horizontal axis of FIG. 6 indicates
the ordinal number of the iteration and the vertical axis
indicates the value of the objective function. In FIG. 6, the
values of the objective function obtained in the respective
iterations are distinguished in the following three types of
solutions and plotted:

(1) Optimal Solution (Best): the iteration satisfying the
constraint condition and providing the best objective
function of the previous iterations. In the embodiment,
the average velocity given by the above described
expression (E1) is used as the objective function, and
“the objective function is the best” means that the
objective function is the maximum value,

(2) Feasible Solution (Feasible): the iteration satisfying
the constraint condition, but not providing the best
objective function of the previous iterations, and

(3) Non-feasible Solution (Non-feasible): the iteration not
satisfying the constraint condition.

In the example of FIG. 6, five best solutions BS1 to BS5
are displayed. The objective function of the best solutions
gradually becomes better, and normally, the last best solu-
tion BS5 is the most preferable solution. Note that the other
best solutions BS1 to BS4 and the feasible solutions can be
employed and may be used as the final candidates. The
worker can use the history diagram of the objective function
as a criterion for determination as to whether or not a
satisfactory solution is obtained.

FIG. 7 is an explanatory diagram showing a display
example of the correlation chart on the objective function
and the constraint condition shown in the second window
W2 in FIG. 5. The horizontal axis of FIG. 7 indicates the
maximum overshoot amount (Max Overshoot) as the con-
straint evaluation value or the maximum overshoot
exceedance (Max Overshoot Exceedance) and the vertical
axis indicates the value of the objective function.
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The maximum overshoot amount MO and the maximum
overshoot exceedance MOE are respectively calculated
according to the following expressions.

MO=max{OS,} (E2)

MOE=max{OS;~ 7%} (E3)

Here, OS, is a measurement value of the overshoot
amount in the ith motion for evaluation M,, Th, is an upper
limit of the overshoot amount in the ith motion for evalu-
ation M, and max{ } is a calculation of taking the maximum
value in the brackets. The maximum overshoot amount MO
is the maximum value of the overshoot amounts OS, with
respect to the plurality of motions for evaluation M,. The
maximum overshoot exceedance MOE is the maximum
value of differences (OS,-Th,) between the overshoot
amounts OS, with respect to the plurality of motions for
evaluation M, and the upper limit Th,.

A solution having the maximum overshoot exceedance
MOE equal to or smaller than O satisfies the constraint
condition and a solution having the maximum overshoot
exceedance MOE larger than 0 does not satisfy the con-
straint condition. Note that, in FIG. 7, a case where the upper
limit Th, of the overshoot amounts in the plurality of motions
for evaluation M, is fixed is assumed and, in this case, both
the horizontal axis of the maximum overshoot amount MO
and the horizontal axis of the maximum overshoot
exceedance MOE may be shown. As will be described later,
the upper limit Th, of the overshoot amount in the individual
motion for evaluation M, can be individually set. When the
upper limit Th; is not fixed, as the horizontal axis of FIG. 7,
only the maximum overshoot exceedance MOE is used.

Note that, when there are a plurality of constraint condi-
tions, it is preferable to form the correlation chart so that the
worker may select any one of the plurality of constraint
conditions as the item of the horizontal axis of the correla-
tion chart in FIG. 7. For the selection, e.g. a dropdown list
can be used.

In the correlation chart in FIG. 7, a Pareto optimal curve
(Pareto Front) is further drawn. The Pareto optimal curve is
a curve showing a plurality of best solutions on the assump-
tion that multi-objective optimization is performed with the
objective function and the constraint evaluation value
regarded as a kind of objective function. The worker may
consider an appropriate solution with reference to the Pareto
optimal curve. Note that the display of the Pareto optimal
curve may be omitted.

In the correlation chart of FIG. 7, when the worker selects
and click one point, the details of the processing result at the
point are displayed on the screen.

FIG. 8 is an explanatory diagram showing an example of
a processing result displayed when the worker selects the
best solution BS5. In this example, when the worker selects
the best solution BS5, the iteration number thereof, the value
of'the objective function, and the constraint evaluation value
are displayed in a balloon BL or a small window. Therefore,
the worker can individually confirm the objective functions
and the constraint evaluation values in the individual solu-
tions. Note that, when one point is selected in the window
W2, it is preferable that the iteration result corresponding to
the selected point is displayed in a form distinguishable from
the other iteration results in the iteration result list displayed
in the fourth window W4 in FIG. 5. As the distinguishable
display form, e.g. highlight display, display in different
character colors, or the like may be used.

FIG. 9 is an explanatory diagram showing a display
example of graphs of constraint evaluation values and limit
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values displayed in the third window W3 in FIG. 5. Here,
strip charts SC of the constraint evaluation values and sliders
SL for setting the upper limits of the constraint evaluation
values are shown with respect to the individual motions for
evaluation M1, M2, . . . . The strip charts SC are graphs
showing the histories of the overshoot amounts in the
individual motions for evaluation M1, M2, . . . over all
iterations. Note that the plotted points are slightly shifted
upward and downward for understanding that there are
many iteration histories. In the strip charts SC, lines indi-
cating the upper limits of the constraint evaluation values are
also displayed. Therefore, the worker may recognize the
motions for evaluation in which the constraint evaluation
values are close to or over the upper limits. The constraint
evaluation values drawn in the strip charts SC are overshoot
amounts in the individual motions for evaluation, and the
upper limits are values set for the individual motions for
evaluation. In the sliders SL, the values of the upper limits
of'the constraint evaluation values are displayed. The worker
may individually set the upper limits of the constraint
evaluation values for the individual motions for evaluation
using the sliders SL.

Note that, in place of the strip charts SC, graphs in other
forms such as violin plot may be used for displaying the
histories of the constraint evaluation values in the individual
motions for evaluation. Or, in place of the sliders SL, the
upper limits of the constraint evaluation values may be set
using other change operation portions such as entry fields.
Or, the upper limits of the constraint evaluation values may
not be individually set for the individual motions for evalu-
ation, but the same value may be applied to all motions for
evaluation. Here, the upper limits of the constraint evalua-
tion values are individually set for the individual motions for
evaluation, and thereby, a more appropriate control param-
eter may be obtained. Note that, as the constraint condition,
a lower limit may be used in place of the upper limit.
Generally, the constraint condition is specified by a limit
value with respect to the constraint evaluation value, and the
change operation portion is configured so that the worker
may perform the operation to change the limit value with
respect to the constraint evaluation value.

FIG. 10 is an explanatory diagram showing a display
example of the iteration results list displayed in the fourth
window W4 in FIG. 5. The iteration results list contains the
iteration numbers, the values of the objective function, the
constraint evaluation values, and the candidate values of the
control parameters to be optimized. In FIG. 10, only the
maximum accelerations and the maximum decelerations
with respect to the J1 axis and the J2 axis are exemplified as
the candidate values of the control parameter, however,
normally, other candidate values of the control parameter are
also displayed. The worker can confirm the details of the
result of the optimization processing in the individual itera-
tions by observation of the iteration results list.

The display of the optimization result at step S140 in FIG.
3 may be in other forms than the windows W1 to W4
exemplified in FIG. 5. Also, in this case, it is preferable to
display the processing result to contain the correlation chart
showing the values of the objective function and the con-
straint evaluation values with respect to each of the plurality
of iterations, i.e., each of the plurality of candidate values of
the control parameter on the display unit 350. In this manner,
the worker may observe the display of the processing result
and employ the appropriate candidate value of the result as
the setting value of the control parameter.

At step S150, the worker determines whether or not to
determine the setting value of the control parameter from the
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previous results of the optimization processing. For
example, from the observation of the second window W2
shown in FIGS. 7 and 8, it is known that the five best
solutions BS1 to BS5 and a plurality of feasible solutions are
employable solutions. The worker can determine the setting
value of the control parameter with reference to these
solutions. For example, the worker clicks a set button BT1
with the best solution BS5 selected in FIG. 8, and then, the
parameter setting section 311 employs the candidate value of
the control parameter in the best solution BS5 as the setting
value of the control parameter in response thereto. In this
regard, the numeral in the low order digit is less important
and rounding processing may be performed. Note that the
determination at step S150 may be performed according to
whether or not the target function and the constraint condi-
tion in the final candidate satisfy target specifications desired
by the worker. The target specifications are e.g. a target
lower limit of the average velocity as the target function and
a target upper limit of the overshoot amount as the constraint
evaluation value.

When the worker determines the setting value of the
control parameter, the processing in FIG. 3 ends. On the
other hand, when the setting value of the control parameter
is indeterminable from the previous optimization processing
results, the process goes to step S160. At step S160, the
worker changes the constraint condition, and then, the
parameter search unit 314 receives the change. The con-
straint condition may be individually set with respect to each
motion for evaluation. For example, from the observation of
the third window W3 shown in FIG. 9, it may be understood
that there are several solutions having the constraint evalu-
ation values slightly larger than the upper limit in the second
motion for evaluation M2. In this regard, the worker may
increase the feasible solution or the best solution by chang-
ing the upper limit of the constraint evaluation value in the
second motion for evaluation M2 without actually executing
the iteration again.

FIG. 11 is an explanatory diagram showing a change
example of the constraint condition with respect to each
motion for evaluation using the third window W3. In this
example, in the second motion for evaluation M2, the upper
limit of the constraint evaluation value is changed from 0.15
to 0.20 using the slider SL. Further, according to the change,
in the strip chart SC of the constraint evaluation value, the
position of the line showing the upper limit of the constraint
evaluation value is changed.

When the constraint condition is changed, the process
goes to step S170 in FIG. 3, and the parameter search unit
314 recalculates the processing result of the optimization
processing according to the change of the constraint condi-
tion and presents the result to the worker. In the recalcula-
tion, part of the non-feasible solutions not satistying the
constraint condition of the previously obtained optimization
processing results is changed to a feasible solution or a best
solution without actual execution of an iteration.

FIG. 12 is an explanatory diagram showing an example of
changes of the optimization processing result according to
changes of the constraint condition. In this example, in the
correlation chart shown in the second window W2, the upper
limit of the constraint evaluation value is changed from that
in FIG. 7, the four non-feasible solutions are changed into
feasible solutions according thereto, and the other non-
feasible solution is changed to a best solution BS6. These
additional feasible solutions and best solution BS6 may be
used as candidates for determination of the setting value of
the control parameter.
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At step S180 in FIG. 3, like step S150, the worker
determines whether or not to determine the setting value of
the control parameter from the represented optimization
processing result. When the setting value of the control
parameter is determined, the processing in FIG. 3 ends. On
the other hand, when the setting value of the control param-
eter is indeterminable, the process goes to step S190. Note
that “when the setting value of the control parameter is
indeterminable” refers to a case where there is no candidate
value having the constraint evaluation value satistfying the
constraint condition and the value of the objective function
reaching the target value of the plurality of candidates of the
control parameter.

At step S190, to execute the optimization processing at
step S130 again, the parameter search unit 314 presents a
change proposal of the constraint condition to the worker.
The step S190 is started, for example, when the worker
clicks a “Get Proposal” button BT?2 in the third window W3
in FIG. 11. The change proposal of the constraint condition
is created according to a change prediction of the search
range, which will be described later.

FIG. 13 is an explanatory diagram showing an example of
changes of the search range due to changes of the constraint
condition. The horizontal axis indicates a candidate value of
a first control parameter and the vertical axis indicates a
candidate value of a second control parameter. In the
embodiment, an optimization algorithm based on a genera-
tion-based evolution strategy such as CMA-ES is used. In
the optimization algorithm, of individuals generated in a
certain generation, an individual generation distribution of
the next generation is updated in a direction of individuals
having higher goodness of fit. In the embodiment, “indi-
vidual” is a candidate value of the control parameter, and
“individual having high goodness of fit” is a solution satis-
fying the constraint condition and having a good objective
function. In the following description, the individual having
higher goodness of fit is simply referred to as “higher
individual”.

In FIG. 13, when the initially set constraint condition is
applied, the higher individual in the search range of the first
generation is expressed as “Best”. Further, in the first
generation, the constraint condition is changed and the
optimization processing result is recalculated, and then, an
individual expressed as “Revised Best” is added as a higher
individual. The search range of the second generation is set
in a direction in which there are many higher individuals in
the first generation, and, when the constraint condition is
changed, the search range of the second generation is also
changed from “Original Second Generation” to “Revised
Second Generation”. Concurrently, the constraint condition
is reset and the optimization processing at step S130 is
executed again, and then, progress of searching to an
unsearched area is predicted and a new solution can be
obtained. Accordingly, at step S190, the parameter search
unit 314 presents the change proposal of the constraint
condition to the worker based on the prediction.

FIG. 14 is an explanatory diagram showing an example of
a window W5 for a change proposal of the constraint
condition. Here, the present upper limits of the constraint
evaluation values and the proposed upper limits of the
constraint evaluation values are shown with respect to each
motion for evaluation using the change operation portions in
the forms of sliders SL. Specifically, regarding the motion
for evaluation M3, a proposal that the upper limit of the
constraint evaluation value is changed from 0.15 to 0.20 is
presented. Note that, in the window W5, a comment “new
solution may be obtained in change proposal” or the like
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may be displayed. Further, the change proposal can be
further revised by the worker. On the other hand, if a new
solution may be unobtainable even when the upper limit of
the constraint evaluation value is changed, the change pro-
posal as exemplified in FIG. 14 is not displayed, but, for
example, a comment “only the same solution may be
obtained if constraint condition is changed” or the like may
be presented to the worker.

At step S200 in FIG. 3, the worker changes the constraint
condition with reference to the proposal. For example, the
worker clicks a change button BT3 provided in the window
W5, then, the parameter search unit 314 receives the con-
tents of the change proposal of the constraint condition, the
process returns from step S200 to step S130, and the
processing at step S130 and the subsequent steps is executed
again. In this manner, the constraint condition is changed
and the optimization processing of the control parameter is
executed again, and thereby, a more appropriate solution can
be obtained.

Note that the processing at steps S190, S200 can be
executed at any time after the processing at steps S130 to
S150 in FIG. 3 is executed once. For example, the process-
ing at steps S190, S200 may be executed immediately after
the processing at steps S130 to S150 is executed once or
after the processing at steps S160 to S180 is executed twice
or more.

Or, the above described step S190 may be omitted and, at
step S200, for example, the worker may change the con-
straint condition using the third window shown in FIGS. 9
and 11, and the optimization processing at step S130 may be
executed again. Note that the change proposal of the con-
straint condition is presented to the worker at step S190, and
thereby, there is an advantage that the change of the con-
straint condition and the re-execution of the optimization
processing may be started after the worker confirms the
presented change proposal of the constraint condition.

As described above, in the embodiments, with respect to
the plurality of candidate values used in the plurality of
iterations of the control parameter, the processing result
containing the correlation chart showing the values of the
objective function and the constraint evaluation values is
displayed, and thereby, an appropriate candidate value may
be determined as the setting value of the control parameter
according to the display of the processing result.

Other Embodiments

The present disclosure is not limited to the above
described embodiments, but may be realized in various
aspects without departing from the scope thereof. For
example, the present disclosure can be realized in the
following aspects. The technical features in the above
described embodiments corresponding to the technical fea-
tures in the following respective aspects can be appropri-
ately replaced or combined for solving part or all of the
problems of the present disclosure or achieving part or all of
the effects of the present disclosure. The technical features
not described as essential features in this specification can be
appropriately deleted.

(1) A method of setting a control parameter of a robot is
provided. The method includes (a) receiving settings of an
objective function and a constraint condition used for opti-
mization processing of the control parameter, (b) controlling
the robot to execute work using a candidate value of the
control parameter and measuring a performance index value
for obtainment of the objective function and a constraint
evaluation value relating to the constraint condition during
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the work, (c) searching for a next candidate value of the
control parameter by executing the optimization processing
using a value of the objective function obtained from the
performance index value, (d) obtaining the values of the
objective function and the constraint evaluation values with
respect to the plurality of candidate values by repeating (b)
and (c), and (e) displaying a processing result containing a
correlation chart showing the values of the objective func-
tion and the constraint evaluation values with respect to each
of the plurality of candidate values.

According to the method, with respect to the plurality of
candidate values of the control parameter, the processing
result containing the correlation chart showing the values of
the objective function and the constraint evaluation values is
displayed, and thereby, an appropriate candidate value may
be determined as the setting value of the control parameter
according to the display of the processing result.

(2) In the above described method, (e) may include (i)
receiving a change of the constraint condition, and (ii)
revising the processing result according to the change and
redisplaying the revised processing result.

According to the method, a better candidate value can
appear by the change of the constraint condition, and an
appropriate control parameter may be set without re-execu-
tion of the work.

(3) In the above described method, the work may include
a plurality of motions, and the change of the constraint
condition is executed with respect to at least one motion
selected from the plurality of motions.

According to the method, the constraint conditions may
be changed with respect to each of the plurality of motions
forming the work and, even when the constraint condition is
not satisfied with respect to only a specific motion, the state
may be resolved.

(4) In the above described method, (i) may include
displaying a graph showing a relationship between a history
of the constraint evaluation value and a limit value of the
constraint evaluation value with respect to each motion of
the plurality of motions and a change operation portion for
changing the limit value with respect to each motion, and
receiving the change of the constraint condition with respect
to the at least one motion in response to an operation using
the change operation portion.

According to the method, the graph showing the relation-
ship between the history of the constraint evaluation value
and the limit value of the constraint evaluation value and the
change operation portion for changing the limit value with
respect to each motion are displayed, and the worker may
easily change the limit value of the constraint evaluation
value with respect to each motion.

(5) The above described method may further include
changing the constraint condition of the optimization pro-
cessing and executing (b) to (e) again.

According to the method, the constraint condition may be
changed and the optimization processing of the control
parameter may be executed again.

(6) The above described method may further include
displaying a change proposal of the constraint condition
before changing the constraint condition of the optimization
processing, and receiving an instruction on the change
proposal and executing the change of the constraint condi-
tion according to the instruction.

According to the method, the worker may start the change
of the constraint condition and the re-execution of the
optimization processing after confirming the presented
change proposal of the constraint condition.
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(7) According to a second aspect of the present disclosure,
a robot system is provided. The robot system includes a
robot, sensors detecting a specific performance index value
and a specific constraint evaluation value in work by control
of the robot, and a parameter setting section executing
processing of setting a control parameter of the robot. The
parameter setting section executes (a) processing of receiv-
ing settings of an objective function and a constraint con-
dition used for optimization processing of the control param-
eter, (b) processing of controlling the robot to execute work
using a candidate value of the control parameter and mea-
suring the performance index value for obtainment of the
objective function and the constraint evaluation value relat-
ing to the constraint condition during the work, (c) process-
ing of searching for a next candidate value of the control
parameter by executing the optimization processing using a
value of the objective function obtained from the perfor-
mance index value, (d) processing of obtaining the values of
the objective function and the constraint evaluation values
with respect to the plurality of candidate values by repeating
the processing (b) and the processing (c), and (e) processing
of displaying a processing result containing a correlation
chart showing the values of the objective function and the
constraint evaluation values with respect to each of the
plurality of candidate values.

(8) According to a third aspect of the present disclosure,
a non-transitory computer-readable storage medium storing
a computer program for controlling a processor to execute
processing of setting a force control parameter in work of a
robot is provided. The non-transitory computer-readable
storage medium stores the computer program for controlling
the processor to execute (a) processing of receiving settings
of an objective function and a constraint condition used for
optimization processing of the control parameter, (b) pro-
cessing of controlling the robot to execute work using a
candidate value of the control parameter and measuring a
performance index value for obtainment of the objective
function and a constraint evaluation value relating to the
constraint condition during the work, (c) processing of
searching for a next candidate value of the control parameter
by executing the optimization processing using a value of
the objective function obtained from the performance index
value, (d) processing of obtaining the values of the objective
function and the constraint evaluation values with respect to
the plurality of candidate values by repeating the processing
(b) and the processing (c), and (e) processing of displaying
a processing result containing a correlation chart showing
the values of the objective function and the constraint
evaluation values with respect to each of the plurality of
candidate values.

The present disclosure can be realized in various other
aspects than those described above. For example, the present
disclosure may be realized in aspects such as a robot system
including a robot and a robot control apparatus, a computer
program for realizing functions of the robot control appa-
ratus, a non-transitory storage medium recording the com-
puter program.

What is claimed is:

1. A method of setting a control parameter of a robot,

comprising:

(a) receiving settings of an objective function and a
constraint condition used for optimization processing
of the control parameter;

(b) controlling the robot to execute work using a candi-
date value of the control parameter and measuring a
performance index value for obtainment of the objec-
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tive function and a constraint evaluation value relating

to the constraint condition during the work;

(c) searching for a next candidate value of the control
parameter by executing the optimization processing
using a value of the objective function obtained from
the performance index value;

(d) obtaining the values of the objective function and the
constraint evaluation values with respect to the plural-
ity of candidate values by repeating (b) and (c); and

(e) displaying a processing result containing a correlation
chart showing the values of the objective function and
the constraint evaluation values with respect to each of
the plurality of candidate values;

wherein (e) includes:

(1) receiving a change of the constraint condition; and

(i1) revising the processing result according to the
change and redisplaying the revised processing
result;

wherein the work includes a plurality of motions, and

the change of the constraint condition is executed with
respect to at least one motion selected from the plural-
ity of motions; and

wherein (i) includes:
displaying a graph showing a relationship between a

history of the constraint evaluation value and a limit
value of the constraint evaluation value with respect
to each motion of the plurality of motions and a
change operation interface for changing the limit
value with respect to each motion; and

receiving the change of the constraint condition with
respect to the at least one motion in response to an
operation using the change operation interface.

2. A robot system comprising:

a robot;

sensors detecting information relating to a performance
index value and a constraint evaluation value in work
by control of the robot;

a memory configured to store a program; and

a processor configured to execute the program so as to:
(a) receive settings of an objective function and a

constraint condition used for optimization process-
ing of a control parameter of the robot;

(b) control the robot to execute the work using a
candidate value of the control parameter and mea-
sure the performance index value for obtainment of
the objective function and the constraint evaluation
value relating to the constraint condition during the
work;

(c) search a next candidate value of the control param-
eter by executing the optimization processing using
a value of the objective function obtained from the
performance index value;
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(d) obtain the values of the objective function and the
constraint evaluation values with respect to the plu-
rality of candidate values by repeating (b) and (c);

(e) display a processing result containing a correlation
chart showing the values of the objective function
and the constraint evaluation values with respect to
each of the plurality of candidate values;

(f) change the constraint condition of the optimization
processing and execute (b) to (e) again;

(g) display a change proposal of the constraint condi-
tion before changing the constraint condition of the
optimization processing; and

(h) receive an instruction on the change proposal and
execute the changing of the constraint condition
according to the instruction.

3. A non-transitory computer-readable storage medium

storing a computer program for causing a computer to
execute a process by a processor so as to perform the steps
of:

(a) processing of receiving settings of an objective func-
tion and a constraint condition used for optimization
processing of a control parameter of a robot;

(b) processing of controlling the robot to execute work
using a candidate value of the control parameter and
measuring a performance index value for obtainment of
the objective function and a constraint evaluation value
relating to the constraint condition during the work;

(c) processing of searching for a next candidate value of
the control parameter by executing the optimization
processing using a value of the objective function
obtained from the performance index value;

(d) processing of obtaining the values of the objective
function and the constraint evaluation values with
respect to the plurality of candidate values by repeating
(b) and (c);

(e) processing of displaying a processing result containing
a correlation chart showing the values of the objective
function and the constraint evaluation values with
respect to each of the plurality of candidate values;

() changing the constraint condition of the optimization
processing and executing (b) to (e) again;

(g) displaying a change proposal of the constraint condi-
tion before changing the constraint condition of the
optimization processing; and

(h) receiving an instruction on the change proposal and
executing the changing of the constraint condition
according to the instruction.
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